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ABSTRACT

The cells of the adult follicular dermal papilla retain a powerful hair-inductive
capacity acquired during embryonic hair morphogenesis. This inductive capacity is the
basis of a cell therapy called fo/icular cell implantation in which dermal papilla cells from a
small number of donor follicles are expanded in culture and then implanted into a bald
region of scalp. In this manner, many new follicles can be formed from the cells of a few.
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The dermal papilla (DP) is comprised of
fibroblast-like cells that are almost unique among adult
mammalian cells in that they possess an inductive
property that they acquired in the embryo during hair
morphogenesis, a property they maintain throughout
adult life. This property is the basis of an emerging cell
therapy called fo/licular cell implantation (FCI)! in which
dermal papilla cells taken from a few follicles are ex-
panded in culture and then implanted into the skin to
induce the formation of many new follicles.

The idea behind the DP as a cell therapy to treat
hair loss is not new.? The DP was long assumed to play a
critical role in follicle morphogenesis,3 and the first
direct evidence was the demonstration in the 1960s
that transplanted dermal papillae could induce the for-
mation of new follicles. Borrowing from experiments
with avian feather papillae, Cohen* transplanted dermal
papillae into rat ear and observed epidermal down-
growths, the beginnings of new follicles. Oliver’ placed
dermal papillae into the base of whisker follicles that
were truncated and thereby rendered unable to regener-
ate, and the transplanted papillae were able to induce the
complete regrowth of those follicles. These experiments
first revealed the remarkable hair-inductive power of the
adult follicle dermal papilla.

Although the concept behind FCI is simple, four dec-
ades have passed since the Cohen and Oliver experi-
ments without the introduction of a clinically useful
treatment. Here we describe the conceptual and experi-
mental framework behind this therapy, the technical
barriers to its development, and how recent advances
have brought the technology forward such that FCI may

become available in the coming years.

BIOLOGY OF THE HAIR FOLLICLE

The hair follicle mainly consists of an epithelial compo-
nent and a mesenchymal component. The epithelial
component is contiguous with interfollicular epidermis
and is comprised of specialized keratinocytes (see Fig. 1).
Epidermal stem cells reside in the bulge region of
the follicle,® a portion of the outer root sheath near the
attachment point for the arrector pili muscle. The
progeny of stem cells migrate down the outer root
sheath” to the matrix, and from within the matrix they
differentiate into the various concentric layers that
comprise the inner root sheath and hair shaft. The
dermal papilla is a ball of fibroblast-like cells in the
lower part of the follicle and is connected to the dermal
sheath through a short stalk at its base. Keratinocyte
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Figure 1 Anatomy of a hair follicle.

migration and differentiation within the follicle are
directed in large part by the dermal papilla during
morphogenesis in the embryo and during the hair cycle
in the adult.

Hair follicle development in the embryo arises
through a complex interaction between the embryonic
ectoderm and its underlying mesoderm and is mediated
by soluble factors secreted by both cell types (reviewed by
Haurdy8 and Millar”). The first morphologically recog-
nizable step is the appearance of epidermal placodes,
which are regularly spaced thickenings in the embryonic
epithelium. Clusters or condensates of dermal cells then
form beneath the placodes. Peglike downgrowths of
epidermis begin to form from the placodes, and they
push the dermal condensates down as they grow into the
embryonic dermis. Further maturation ensues as the
developing follicles grow deeper into the dermis.
The epidermal component begins to differentiate into
the various follicular epithelial substructures such as the
outer root sheath, inner root sheath, and matrix. In the
meantime, the dermal condensate forms the dermal
papilla as it becomes more compact, and it becomes
almost completely enveloped by the developing follicular
epithelium. A portion of the condensate forms the
dermal sheath. An increasingly detailed picture of the
molecular mechanisms that regulate hair follicle forma-
tion (reviewed in Millar’ and Botchkarev and Paus'®)
has revealed a variety of intercellular signaling pathways
that are active during follicle morphogenesis, many of
which are the same pathways that are used repeatedly
throughout mammalian development.11

Throughout adult life, the follicle goes through a
continuous hair cycle of growth, regression, and rest
(reviewed in Stenn and Paus!? and Botchkarev and
Paus?). Anagen, the growth phase, is characterized by
rapid hair growth supported by extensive proliferation of
keratinocytes in the follicular epithelium. During cata-
gen, the lower two thirds of the follicle undergo involu-
tion and degradation through apoptosis. Then the
follicle enters the resting phase, telogen, in which no
hair growth occurs. To reenter anagen, a signal that
probably originates from the dermal papilla triggers stem
cells within the bulge to undergo a burst of cell prolif-
eration and the progeny migrate out to repopulate the
follicular epi'chelium.6 Because the cell migrations and
the interactions between the dermal papilla and follicular
epithelium in the adult hair cycle are similar to those in
embryonic hair morphogenesis, the two processes are
thought to share signaling pathways in common.®

The Dermal Papilla and Sheath
in Hair Growth and Development
Throughout both hair morphogenesis and the hair cycle,
the dermal papilla plays an important role in signaling the
epidermis and thereby influencing cell proliferation and
differentiation. Several observations have expanded upon
the transplantation experiments of Cohen and Oliver,
which first demonstrated the inductive role of the dermal
papilla. For example, transplantation of a rat whisker
papilla to the ear skin was shown to induce a whiskerlike
follicle, demonstrating that the DP specifies the type of
hair."> The papilla and lower sheath were shown to be
essentially equivalent in their hair-inductive capability.
The lower portion of the dermal sheath was shown
through transplantation to have hair-inductive properties
like the papilla,14 and if the dermal papilla was removed it
could be regenerated by cells from the dermal sheath."
Indeed, dermal papilla and sheath cells (DP/S cells) move
back and forth between the two compartments during
the hair cycle16 and therefore appear to be interchange-
able both physically as well as functionally. In remarkable
demonstrations of the power of the DP to induce hair
formation, transplanted DP and cultured DP cells were
shown to induce hair formation even in hairless regions
of adult rat skin such as scrotum'” and foot pald.18

The examples cited above are a part of a large
body of research that dates back more than 40 years.
Although much of the research has been performed
using rodent follicles, many of those experiments have
been repeated using human tissue,'® and trans-species
(human and rodent) recombinations have been shown to
work in a variety of hair induction assays*>*! (J. Qiao, E.
Philips, J. Teumer, data not shown). Thus, the research
that provides the experimental and conceptual under-
pinnings of FCI has proven to extend to human hair
induction.
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HAIR LOSS AND CURRENT TREATMENTS
Hair loss is a common problem with multiple causes that
range from hormone sensitivity to autoimmunity. An-
drogenetic alopecia, often called male pattern baldness, is
the most common form of hair loss in men, and because
it affects as many as 50% of men as they age®” it will be
the primary form of hair loss targeted for treatment by
FCI. In androgenetic alopecia, hair loss is caused by a
sensitivity of hair follicles in the top of the scalp to the
androgen 5o-dihydrotestosterone (DHT). DHT causes
those follicles to undergo a progressive miniaturization
to the point where they no longer produce a clinically
apparent hair shaft. The cells affected by DHT are the
dermal papilla cells, which cease growing and lose their
ability to direct hair growth.*®

The negative impact of hair loss on self-image
causes many patients to seek treatment. Clinically pro-
ven pharmaceutical treatments for male pattern hair loss
are topical minoxidil solution?* and oral finasteride.?’
Minoxidil and finasteride are reasonably effective in
slowing hair loss and causing regrowth in many patients,
but the effects are limited and only last while the patient
uses the drug. Because of the drawbacks to these drug-
based therapies, some patients opt for more permanent
surgical treatments.

The major surgical option available for hair re-
storation is autologous hair transplantation, in which
follicles are removed from a nonbalding region of the
scalp and transplanted to the balding region. Hair
transplantation for male pattern baldness was first per-
formed by Orentreich,”® who observed that transplanted
follicles did not undergo progressive miniaturization and
were therefore not androgen-sensitive like other follicles
in the bald region. This phenomenon was termed donor
dominance,*® indicating the donor follicle phenotype of
androgen insensitivity is maintained after transplanta-
tion and the mechanism of androgenetic alopecia is
therefore determined by the follicle type rather than by
the scalp region in which the follicle resides. Because
donor follicles do not undergo miniaturization, hair
transplantation is a permanent treatment for hair loss
that lasts until the onset of senescent alopecia late in life.

The early hair transplant procedures employed
large, round grafts that were not esthetically satisfactory
for most patients. Today, the state-of-the-art technique
is follicular unit transplantation, first described by Lim-
mer,”” which uses follicular unit grafts of one to four
hairs that are dissected with a stereomicroscope from a
long strip of donor scalp. When performed by a skilled
hair transplant surgeon, these transplants yield excellent
results that are virtually undetectable. Transplantation is
a “one-for-one” movement of follicles from one place to
another on the scalp and there is no regeneration of hair
in the donor region. The treatment is therefore limited
by the amount of donor hair available, which is usually
not enough to completely cover the bald region of most

patients. Also, despite the considerable skill of the
surgeon, the maximum hair density achievable is never
the prebalding, youthful density. Other drawbacks in-
clude the donor site scar, which can be unacceptably
wide in some patients and is of special concern for
patients who wear their hair short. In addition, although
the modern transplant procedure is noninvasive, rela-
tively painless, and associated with a quick recovery,
many people are unwilling to undergo what they see as
major surgery.

FOLLICULAR CELL IMPLANTATION

All of the existing medical or surgical therapies available
for hair restoration have drawbacks and there is intense
effort to develop improvements. Follicular cell implanta-
tion (FCI) is an alternative treatment that unlike drugs
would be permanent and unlike transplantation would
not be limited by the quantity of donor hair. The ability
to expand cells in culture would provide enough cells to
induce a plentiful number of new follicles from a small
number of donor ones. FCI has often been referred to by
the misnomers Aair cloning or hair multiplication. These
terms are misleading and fail to accurately describe what
is meant by follicular cell implantation. In FCI, new
follicles are induced by the cultured DP cells in con-
junction with existing epidermis in the scalp, so that new
follicles are a combination of the implanted cells and
target epidermis. DP cells are not cloned, nor are whole
follicles multiplied, although the idea that many new
follicles are formed is correct.

The first versions of FCI are likely to be auto-
logous, in which the patient’s own cells are used. A
model procedure for autologous FCI is outlined in
Fig. 2. A piece of the patient’s nonbalding scalp would
be removed by a physician in an outpatient clinic. The
amount of donor hair required will be much smaller than
the large donor strips of up to several thousand follicles
used for transplantation. The scalp tissue will be sent to a
laboratory where the follicular cells would be isolated
from the tissue and expanded in culture. Because the
donating scalp will contain androgen-insensitive folli-
cles, the DP cells will be “donor-dominant” just as in
transplanted follicles. After the period of culture expan-
sion the cells would be harvested and then sent back to
the clinic for implantation. There are two major techni-
cal challenges inherent in the procedure: (1) the expan-
sion of cells in culture and (2) the implantation of cells
into the patient’s scalp to effect hair restoration.

Expansion of Dermal Papilla/Sheath

Cells in Culture

In most examples of cell therapy, cells are expanded in
culture to grow enough cells for regeneration of the
tissue or organ. An important part of the success of the
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Cell culture

Figure 2 Process of Follicular Cell Implantation.

therapy is the culture system, which must support cell
multiplication and also maintain cell function. This
challenge is an important one and remains a major block
in the development of cell therapies for many cell types.
Loss of the functional phenotype during cell culture is
usually a permanent loss that cannot be regained upon
implantation in vivo.

Dermal papilla (DP) cells were first shown to be
culturable in vitro many years 2Lgo,2’28’29 but the culture
systems only allowed for limited expansion before the
hair-inductive capability was lost. Like many other
cultured cell types, after a few population doublings in
culture, the critical phenotype was lost. The inability to
expand hair-inductive DP cells in culture was probably
the most important barrier to the development of FCI,
because insufficient expansion would not provide en-
ough cells to regenerate a significant number of new
follicles and the therapy would not provide an advantage
over existing hair transplantation.

Two recent advances in cell culture of DP cells, in
part a direct result of other advances in the understand-
ing of hair biology, have resulted in the development of
culture conditions that support significant cell expansion
and preserve hair induction. One system employs ke-
ratinocytes, the cells that naturally interact with dermal
papilla cells in the hair follicle. Yoshizato and collea-
gues>>! showed that coculture of DP cells with epider-
mal keratinocytes as feeder cells would maintain the DP
cells’ hair-inductive property. Reynolds and Jahoda®
also showed that DP cells can be grown in coculture
with matrix keratinocytes. Coculture has been used
successfully in other culture systems to promote cell
growth from the feeder cells through cell—cell contact
and secreted soluble factors.

In addition to coculture, Yoshizato and colleagues
proved that keratinocyte-conditioned medium can also
support DP cell growth,30 demonstrating that soluble
factors are necessary but cell—cell contact is not necessary
to maintain the hair-inductive capability. In culture,
keratinocytes secrete soluble factors into the medium
that work to preserve hair induction, while DP cells grow
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and divide in culture. The identity of these keratinocyte-
generated factor(s) is not known, but they may be the
same or similar to the factor(s) that are secreted by
keratinocytes during hair morphogenesis.

A second DP cell culture system is based upon the
discovery that WNT signaling is active during hair
morphogenesis.>>** The WNT pathway is active in
the epidermal placode during development, and WNT
proteins are thought to be part of the signal that triggers
the dermal condensate to form.>> In addition, WNT
family members are expressed in adult follicular epithe-
lium,>*37 suggesting a role for WNT signaling in
maintaining the hair-inductive capability of DP cells in
the adult follicle. When WNT proteins were provided to
mouse DP cells via coculture with WNT overproducing
feeder cells, the DP cells could be expanded for several
passages and the hair-inductive capability of the cells
preserved. In a hair-induction assay, DP cells had
retained the ability to direct the formation of new hair.>

Implantation

The second challenge to successful FCI is the implanta-
tion of cultured cells into the patient’s scalp. The primary
consideration is that the signaling molecules involved in
follicular morphogenesis only act over very short dis-
tances, so implanted cells need to be placed in immediate
proximity to keratinocytes for meaningful signaling to
occur. Another consideration is that the extracellular
matrix in the adult scalp is much denser and more
collagenous than the matrix surrounding the developing
follicle, and it is not known if a nascent follicle will
penetrate the adult matrix and grow down into the
dermis like it does during normal development. If the
new follicle were to remain superficial, it’s possible it may
not be anchored well enough to withstand damage
through normal pulling from brushing or washing.

In a normal follicle, the dermal papilla is a tight
cluster of cells with its own extracellular matrix.>®>° In
FCI, a tight structure with a critical cell mass must
form to generate a signal sufficient to induce follicle
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formation. A loose or unconcentrated group of cells may
not send a signal adequate for proper induction. For-
tunately, cultured DP cells possess a natural propensity
to aggregate in vivo and in vitro.*%* If single cell
suspensions were implanted, they could spontaneously
aggregate in situ. Alternatively, DP cell aggregates could
be preformed in vitro and implanted.

Jahoda'® has shown that the size of a transplanted
dermal papilla determines the diameter of the shaft in
the induced follicle, and Ibrahim and VVlright42 showed
papilla size correlates with hair shaft diameter. To
achieve a consistent, esthetically acceptable hair thick-
ness and texture, each individual cell implant will need to
contain a constant cell number to generate a follicle of
consistent size. In addition, because the angle of hair
follicles varies among individuals and in different regions
of the scalp, controlling the angle at which the new
follicles grow will be important for the clinician to
achieve the proper aesthetic result.

Implantation of cells into such a precise location
in the manner necessary for hair regeneration has not
been done before. Placement of cells in a very shallow
position just below the epidermis is technically challen-
ging. No quantitative studies have been published that
demonstrate the minimum number of DP cells required
for a hair to form. In the published accounts of DP
transplantation, cells or DP structures were implanted in
a relatively uncontrolled and imprecise manner. Those
techniques would have to be improved upon to achieve
consistency and efficiency, as the procedure would
need to involve many hundreds, perhaps thousands of

injections in a single session. This new type of cell
implantation may require the development of novel
devices that can rapidly and reproducibly implant cells
in the proper number and at the proper depth and
appropriate angle in the skin.

A likely target for implantation in the scalp is
interfollicular epidermis. Oliver'” and Jahoda and Rey-
nolds'® demonstrated that new follicles could be induced
in hairless skin of rat. Ferraris et al?! demonstrated that
human interfollicular epidermis retains the ability to
form hair. These findings demonstrated the dermal
papilla is capable of inducing adult nonfollicular epider-
mis to form hair and were early indications of the
plasticity of interfollicular epidermal stem cells. That
DP cells can induce hair from interfollicular epidermis is
an important proof of principle for follicular cell im-
plantation. A speculative model for interfollicular FCI is
outlined in Fig. 3. In this model, implanted cells would
aggregate near the epidermis and signal keratinocytes to
form a hair peg, which would grow down into the dermis
and surround the aggregated DP cells as in embryonic
development. Successful interfollicular FCI would mean
that hair restoration could be achieved in patients with
hair loss due to burns, trauma, or scarring alopecias who
otherwise have too little donor hair for traditional
transplants.

Another possible route is intrafollicular implanta-
tion of cells into preexisting follicles. The targets would
be miniaturized follicles that are cosmetically insigni-
ficant, and the strategy would be to rejuvenate miniatur-
ized follicles by the insertion of hair-inductive DP cells.

Figure 3 Proposed model of hair induction by interfollicular FCI.
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Because the cellular target in androgenetic alopecia is
the dermal papilla, providing the follicle with new,
androgen-insensitive DP cells might reactivate the
follicle to form a normal (terminal) hair. The mechanism
of intrafollicular FCI would probably resemble reentry
into anagen in the hair cycle, except from a new dermal
papilla.

Intrafollicular implantation would take advantage
of the semblance of normal follicle structure retained by
miniaturized follicles. Rejuvenating or reactivating such
preexisting hairs may be easier than forming new ones as
in interfollicular FCI. Additionally, these follicles would
already be oriented in the proper direction on the
patient’s scalp, obviating the need for the physician to
reconstruct this orientation. McElwee et al** have shown
that intradermally implanted dermal sheath cells have
the ability to incorporate into the dermal papillae of
preexisting follicles, creating a chimera between preex-
isting and implanted cells. Thus, implanted cells can
potentially home to and become a part of preexisting
dermal papillae in miniaturized follicles. Alternatively,
the implanted cells might aggregate to form their own,
nascent DP from which to reactivate the miniaturized
follicle.

In a variation of FCI, dermal papilla cells could be
coimplanted with keratinocytes. The inclusion of kera-
tinocytes could help jump-start the signaling process and
also provide a bridge between DP cells and the recipient
epidermis. Because the coimplanted keratinocytes would
already be in close proximity to implanted DP cells, this
technique may allow for a deeper injection that may
result in a more firmly anchored new follicle. It may also
provide a little room for error in the placement of
implants that may otherwise be required to be very
shallow and difficult to achieve. A specialized keratino-
cyte called the germinative epithelium, located in the
lower matrix, is thought to contribute to the differentia-
tion of other epithelial cells in the follicle.***** The use
of these specialized keratinocytes may make coimplanta-
tion more efficient in inducing new follicles.

Implantation of mixed suspensions of keratino-
cytes and dermal cells are known to have the ability to
properly sort into epidermis and dermis in a murine graft
model and thereby reconstitute skin and hair.*® This
model has proven to be useful for the assay of hair-
inductive DP cells of murine and human origin35’47 (J.
Qiao, E. Philips, and J. Teumer, unpublished). A scaled-
down mixed implant of cells in FCI could reform hair in
a similar manner. The new hair would be comprised of
the donor DP plus a follicular epithelium mixture of
donor and recipient keratinocytes.

Allogeneic FCI
FCI that used an allogeneic cell donor would be a
simpler process than an autologous one because cells

from a single donor could be expanded, cryopreserved,
and then later used to treat many recipients. Such a
procedure would be more streamlined and would not
require a biopsy and individualized cell culture for every
patient. A follicle resulting from allogeneic FCI would
be a chimera of the patient’s epidermal cells and the
donor DP cells.

The biggest problem with allogeneic transplanta-
tion is usually graft rejection by the host. However, study
of the hair follicle immune system has led to speculation
that it might be possible to transplant allogeneic hair
follicle cells without rejection. The hair follicle has been
demonstrated to be an immune-privileged site, a host
site into which allogeneic tissue can be transplanted
without being rejected.*® Immune privilege within a
host hair follicle is not directly relevant to the immune
response to transplanted follicular cells, but certain
characteristics of cells from immune-privileged sites®’
are relevant to their immunological fate after transplan-
tation. One such characteristic is the absence of expres-
sion of molecules necessary to stimulate a host immune
reaction.”® In particular, follicular cells do not express
major histocompatibility class (MHC) I or class II
molecules, which are necessary for graft rejection by
the host immune system.51

Reynolds et al demonstrated hair induction by
transplanted allogeneic dermal sheath in a human sub-
jec’c.52 In this experiment, freshly isolated male dermal
sheath was transplanted into a female recipient, and new
hair was observed after 3 to 5 weeks. When the new
follicles were biopsied and examined histologically up to
11 weeks after implantation, none of the follicles showed
signs of rejection even though it was demonstrated that
the dermal papilla was of donor origin. The absence of
donor MHC class II-expressing cells such as endothelial
cells or Langerhans cells undoubtedly reduced the pos-
sibility of acute rejection, but the cells themselves may
avoid acute rejection.

Some cell types such as keratinocytes and fibro-
blasts that do not express MHC class II or costimulatory
molecules such as B7 cannot directly present antigen to
T cells and therefore cannot stimulate an acute rejection
response.”>>* Allogeneic keratinocytes and fibroblasts
have been transplanted without evidence of acute rejec-
tion,” 7 and keratinocyte allografts have been shown to
persist for over 1 yeztr.s7 However, the number of
persistent cells was very low compared with the number
engrafted,”” and slower-acting mechanisms of graft
rejection may have taken place. Alternatively, as these
allogeneic cells were grafted into wounds, the wound
healing response may have exerted a negative effect on
graft survival. DP/S cells appear to be similar to kera-
tinocytes and fibroblasts in the absence of those mole-
cules necessary for direct antigen presentation, making it
likely that allogeneic DP/S cells would behave like
keratinocytes or fibroblasts in a cell therapy and would
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not be acutely rejected after implantation. In FCI there
would be no significant wound healing response, so
associated problems with survival would not occur and
long-term persistence of the implanted cells would be
more likely. Overall, the success of allogeneic dermal
sheath grafting and the similarity of DP/S cells to
dermal fibroblasts in their expression of MHC molecules
suggest that allogeneic FCI may be feasible but will

require more investigation.

CONCLUSION

The mesenchyme-derived cells of the adult hair follicle
possess the remarkable ability to regenerate hair. An
abundance of research demonstrates the ability of dermal
papilla and sheath cells to induce new hair formation in a
variety of model systems and provides a strong founda-
tion for the concept of FCI as a therapy to treat hair loss.

Regeneration or replacement of tissues and organs
remains a significant challenge in medicine. Historically,
allogeneic transplantation has been the only treatment
option and it remains the only option for most major
organs. The shortage of donor organs and the tremen-
dous advances in the understanding of developmental
biology, cell biology, and other fields have inspired new
therapeutic strategies such as cell therapy. Cell therapy
places the burden of regeneration on the innate ability of
the implanted cells to perform their natural, prepro-
grammed role to achieve regeneration in situ. In some
cases, such as in epidermis or cartilage, the implanted
cells assume their normal structural role in the tissue and
assist regeneration as part of the normal wound healing
response. In the case of FCI, the DP cells induce
keratinocytes to form new hairs in a process that reca-
pitulates embryonic hair morphogenesis. The inductive
process sets FCI apart from existing cell therapies and
raises the mechanistic complexity from the level of
simple replacement to a level of actual regeneration.
The strategy of regeneration in situ may provide a means
to replace or provide functional repair in more complex
organs. Embryonic stem cell technologies may even-
tually make possible the production in culture of induc-
tive organ progenitor cells that can then be implanted to
effect organ regeneration in situ.

In conclusion, the small size and relative accessi-
bility of the hair follicle, the demonstrable hair induction
by adult dermal papilla and sheath cells, and the ability to
expand them in culture make FCI a feasible therapy that
should be available in the near future. Recent research
has uncovered some of the mechanisms through which
these cells interact with the follicular epithelium to form
a follicle, and these mechanisms are shared with other
morphogenetic processes that occur during organogen-
esis.”!! Just as basic research on simple systems sheds
light on more complex systems, so too may the devel-
opment of a cell therapy for the relatively simple hair

follicle help in the future development of cell therapies
for the regeneration of more complex organs.
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